Abstract: In this paper, we present an experimental and theoretical study of passive modelocking in semiconductor Fabry-Pé rot, quantum-well, lasers operating at around 1550 nm and producing picosecond pulses at a repetition frequency of 40 GHz. The different regimes that occur as the reverse bias voltage applied to the saturable absorber (SA) section or the bias current injected into the amplifier section are characterized both in the time and frequency/wavelength domains. Our results reveal that the lasers display spectral competition between the gain of the amplifier section and the absorption of the SA, with variations of the lasing wavelength up to 25 nm as the bias conditions are changed. These wavelength variations result from the thermal drift of the SA band-edge due to Joule heating by the generated photocurrent and from the competition between two possible lasing regions placed either at the amplifier gain peak or near the band-edge of the SA. The experimental observations are satisfactorily reproduced and explained in the framework of a Traveling Wave Model complemented by a time-domain description of the semiconductor susceptibility.
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Introduction
Semiconductor laser diodes have a high gain over broad spectral intervals encompassing many modes of the laser cavity. These characteristics confer semiconductor lasers the potential for generating trains of short optical pulses at high repetition rates with low timing jitter, as required in applications like high-bit-rate optical time-division-multiplexed telecommunication systems, radio over fiber, microwave signal generation, optical sampling, etc.
Short optical pulses can be emitted by a laser when the different laser modes operate with a definite phase relation. In such a state of mode-locking (ML), the laser emits pulses of light at a repetition rate given by the cavity roundtrip, with the pulse duration depending mainly on the number of modes that lock.
Active ML is achieved by modulating one control parameter of the laser at a frequency resonant with the mode spacing or a subharmonic of it. Conversely, passive ML (PML) does not require any external modulation, but relies instead on a self-induced modulation arising from some kind of power-dependent loss [1] . PML of monolithic semiconductor lasers is the preferred approach for generating optical pulses at multi-gigahertz repetition rates [2] , [3] , and it is commonly achieved by incorporating into the laser cavity a saturable absorber (SA) that triggers pulsed emission. Typical semiconductor lasers have cavity lengths of about 1 mm, their gain spectrum covers a bandwidth of several THz, and reverse biased SAs may show recovery times as short as a few picoseconds [4] , thereby allowing for pulses as short as a picosecond and below at repetition frequencies exceeding several tens of gigahertz.
One of the major challenges in PML of semiconductor lasers is to increase their stability and tolerance to variations in operating conditions in order to achieve uncooled operation and good aging stability. For this purpose, it is important to advance on the material aspects and on the development of predictive models that can guide the development of new devices. In particular, the optimal length of the SA section for achieving high quality ML strongly depends on the absorption in the SA section and its degree of saturation, which in turn determines the operation point of the amplifier section, hereby fixing important dynamical quantities such as the -factor and the differential gain [5] which impact the ML range and its stability.
From the material point of view, most 1.55-m semiconductor mode-locked lasers (MLLs) have been based upon the InGaAsP/InP material system. However, AlGaInAs materials exhibit larger conduction band and smaller valence band discontinuities. This makes AlGaInAs especially suitable for the fabrication of uncooled MLLs that are less sensitive to the deviations of the biasing parameters. Indeed, robust ML performance of such devices has been demonstrated in [6] . Furthermore, the experimental evidence of the superior SA recovery dynamics of Al-quaternary-based multiple quantum wells (QWs) was discussed in [4] .
From the theoretical point of view, the master equation approach by Haus [7] , [8] and subsequent developments [9] provide a basic understanding of PML. These models, however, are of limited applicability for semiconductor MLL design since they consider unidirectional ring cavities only. Modeling approaches based on coupled modal decompositions [10] can be applied for any geometry, but the modal coupling coefficients are difficult to determine in the presence of SpatialHole Burning effects. Distributed time-domain models (DTMs) for the propagation of the fields in the laser cavity are the naturalValthough quite complexVapproach to bidirectional, multisection devices [11] . DTMs require a good and numerically efficient description of the material response both in the gain and SA sections that allows simulating the behavior of the device over times of the order of at least 1 s. From this point of view, the microscopic many-body theories for the semiconductor response [12] are computationally too demanding to be used, since they resolve the fast intraband relaxation of the individual transitionsVa few hundreds of femtosecondsVand therefore are required to span over seven orders of magnitude in time. This has justified the development of more tractable, albeit approximate theories [13] - [15] , for the material properties that can be used in Traveling Wave Models (TWMs) [16] - [18] .
In this paper, we study PML of semiconductor lasers based on AlGaInAs material. The different dynamical regimes encountered as a function of the bias current in the gain section and the reverse voltage applied to the SA section are explored and characterized in the temporal and spectral domains. It is shown that the operating wavelength of the MLL experiences a large blue-shift when ML starts to develop and that in the transition region the optical spectrum displays two peaks separated by as much as %15-20 nm. The experimental results are compared with the numerical simulations of a TWM that indicate that these wavelengths correspond to the material gain peak and to the SA band-edge, which have to be properly detuned in order to achieve stable ML.
the QWs, the core layers are formed by 60-nm-graded-index separate-confinement heterostructures terminated by a 60-nm Al 0:423 Ga 0:047 In 0:53 As layer.
A waveguide width of 2.5 m was selected as a tradeoff between single-mode operation and low propagation losses. In order to achieve near-40-GHz pulse repetition rate, the devices were designed to have a total length of 1070 m. The SA section was placed at one of the facets, its length varying between 2% and 6% of the total cavity length.
A more detailed description of the devices and the fabrication procedures can be found in [6] . The ML behavior of the devices was characterized in detail using the setup depicted in Fig. 1 . The back side temperature of the laser submount was controlled using a Peltier cell, and the light emitted from the facet at the gain section side was coupled into an AR-coated lensed fiber that incorporates a fiber pigtailed isolator. The optical signal was simultaneously distributed with fused splitters into a background-free intensity autocorrelator (IAC), an optical spectrum analyzer (OSA), and a radio-frequency (RF) analyzer, (45%, 10%, and 45% of the total power, respectively). The optical signal sent to the IAC was amplified by 15 dB using a dispersion compensated erbiumdoped fiber amplifier (EDFA), and the second-harmonic was recorded with a photomultiplier tube. Also, the RF spectrum was obtained after amplifying the electrical signal of the photodiode (45-GHz bandwidth) with a 50-GHz bandwidth RF amplifier providing 27 dB gain.
For the material characterization, a free-space measurement setup was arranged where the light emitted by the device was collected with a graded-index (GRIN) lens, passed through a polarizing beam splitter in order to separate the TE and TM polarization states and, finally, coupled with a pigtailed GRIN lens into an OSA.
Material Characterization
In a first stage, the modal gain and absorption spectra of the active material were determined by the differential Hakki-Paoli method [19] . As a first step, both the gain and SA sections were forwardbiased with the same current density, and the modal gain spectrum Gð!Þ of the active material was computed by Hakki-Paoli's method from the amplified spontaneous emission (ASE) spectrum. Fig. 2 shows the modal gain spectrum at 20 C in the (dominant) TE component for different current values injected into a device the SA of which occupies 3.3% of the total cavity length. From these results, where one can clearly observe the blue-shift of the gain peak as current is increased, the internal losses of the devices are estimated to be %15 cm À1 , and the transparency current (and current density) is around 13 mA (0.5 kA cm À2 ). Then, the SA section was reverse-biased while keeping the same current density in the gain section, and a modified gain spectrum G 0 ð!Þ was then computed from the modified ASE spectrum. The absorption spectrum was finally determined as
where Að!Þ, L G , and L SA are the modal absorption, the gain section, and SA lengths, respectively. À2 . The modal absorption coefficient in the SA section seems to saturate around 600 cm À1 on the shortwavelength range. However, a precise estimation of this value is difficult due to the poor and noisy modulation of the optical spectrum in this wavelength range. In addition, this value could vary with reverse voltage due to the modification of the optical transition matrix elements arising from the quantum-confined Stark effect (QCSE). QCSE also originates the red-shift of the SA band-edge upon the application of the reverse voltage, the estimated value of which is around 1 THz V À1 . Finally, the thermal dependency of the gain peak wavelength was measured to be of 0.54 nm K À1 . The carrier sweep out rate dependency on the reverse biasing for the same material was measured in [4] , where it is shown that recovery times as short as 3 ps can be obtained with a reverse voltage of 3 V. Indeed, already for reverse voltages as low as 1 V, the recovery time of the SA was measured to be 15 ps, which fulfills the background stability criterion that states that in order to achieve stable ML, the SA must fully recover between consecutive pulses.
ML Dynamics
A device with a 35-m-long SA (3.3% of the total cavity length) was used for the experimental work presented in this paper This device exhibits several operational regimes across the biasing parameters; therefore, it is an appropriate showcase for the variegated dynamical behaviors that can occur in ML devices. Similar results are obtained for devices with different length of the SA section, although, in these cases, the parameter range for obtaining good-quality ML is reduced because the SA length is not optimal. A discussion on the influence of the SA length on the ML quality can be found in [18] .
The different operational regimes observed depend on the current in the gain section and the reverse voltage in the SA, and they can be characterized by the full-width at half-maximum (FWHM) and the peak amplitude of the RF spectrum around the fundamental repetition frequency; the FWHM and the modulation depth of the optical spectrum; the FWHM, peak-to-pedestal ratio, and amplitude of the IAC signal; and the peak amplitude of the RF spectrum at low frequencies (below 10 GHz), triggered by the noise and self-pulsation (SP). This ensemble of measurements allows for the assessment of the ML quality: A high-quality ML state is characterized by a RF spectrum displaying strong (9 30 dB) and narrow peak at the fundamental repetition frequency without low-frequency signatures, a wide optical spectrum (FWHM 9 4 nm) with clear and deep modulation (9 10 dB), and a narrow (FWHM G 3 ps) and pedestalVfree IAC trace, as depicted in Fig. 4 . In our device, stable PML is achieved for largeenough reverse voltage in the SA section, i.e., V SA ! 2:6 V, and lasts up to V SA % 3:2 V. Larger reverse voltages result in a deteriorated ML in spite of reduced recovery time of the SA section. Dynamical precursors of ML regime, characterized by the onset of the RF peak at the fundamental repetition rate, occur around the SA reverse voltage V SA ¼ 1:5 V, which corresponds to an absorber recovery time of around 10 ps [4] . However, the region of ML is spoiled by self-pulsing emission at low values of the current in the gain section I g . The strongest SP occurs for I g ranging between 60-90 mA and V SA ¼ 2:4À3:0 V. It weakens with increased I g ; however, stronger pumping results in pulse broadening due to the self-phase modulation and unstable ML caused by the SA over-bleaching by the excessive power [20] .
The best-quality ML was achieved for the SA voltage ranging from V SA ¼ 2:8 V to V SA ¼ 3:2 V and the gain current values between I g ¼ 100 mA and I g ¼ 120 mA, although ML was achieved in a wider range, i.e., from V SA ¼ 2:6 V to V SA ¼ 3:2 V and gain currents from I g ¼ 70 mA to I g ¼ 130 mA, depending on V SA . Exemplary optical and RF spectra, and the IAC traces in the optimal region ðV SA ¼ 3:2 V; I g ¼ 100 mAÞ, are shown in Fig. 5 , where one can observe SP-free ML, with an autocorrelation FWHM of 2.4 ps (pulse width of 1.5 ps when a sech 2 shape is assumed), 40 dB high RF peak, and symmetric optical spectrum with mode extinction ratio over 18 dB. The 100% modulation between the pulses is confirmed by lack of any background signal between the autocorrelation peaks, proving complete ML operation. No evidence of the SP is apparent neither in the IAC trace nor in the RF spectrum. Within the entire region of the ML, the narrowest pulses (1.5 ps and 1.0 ps of the autocorrelation and pulse FWHM values, respectively) were registered near the low I g boundary of the ML area. An overview of the dynamical regimes observed in this device is shown in Fig. 6 , where the optical and RF spectra and the IAC trace are plotted when the gain current is scanned from threshold ðI th Þ to 4I th for a fixed value of V SA ¼ 2:6 V. Close to threshold [see Fig. 6(a) ], the IAC trace shows no structure, and the RF spectrum displays a broad peak at the round-trip frequency, accompanied by broad and intense low-frequency noise. The optical spectrum indicates multimode operation around 1565 nm, which is close to that of the SA band-edge, although a second, wide, and weak spectral component blue-shifted by 20 nm with respect to the main peak is also visible. As I g is increased [see Fig. 6(b) ], the blue-shifted component begins to dominate the optical spectrum, the low-frequency components in the RF spectrum weaken, the peak at 38 GHz broadens, and the IAC trace begins to display shallow peaks (about 1 : 4 background-to-peak ratio) at multiples of the cavity roundtrip time.
Further increase of I g results in disappearance of the original red-shifted spectral component and lasing takes place only in the blue-shifted region [see Fig. 6(c) ]. This wavelength change has a significant effect on the IAC trace, where much clearer and stronger pulses with 1 : 7 backgroundto-peak ratio are observed. However, the persistence of the background between pulses indicates incomplete ML operation, which in our case is accompanied by SP at 3 GHz, which is also visible in the RF spectrum.
If the gain current is increased even further, the SP regime begins to prevail over ML. The optical spectrum widens while its modulation depth decreases. Both the amplitude and the frequency of the SP appearing in the RF spectrum increase. The SP can also be diagnosed in the IAC trace as the development of a broad and modulated coherence pedestal of the IAC peaks, which, in addition, display significant variations in height, as is clearly visible in Fig. 6(c) and (d) . The strongest SP occurs around I g ¼ 80 mA, as shown in Fig. 6(d) .
At even higher gain current values, ML settles in, as presented in Fig. 6 (e). The most striking feature of the ML at these gain current levels is that the wavelength of emission has experienced a large red-shift by %20 nm, and lasing occurs around the original wavelength (except for the unavoidable red-shift due to Joule heating) while the optical spectrum displays almost no trace of the blue-shifted component. Initially, the RF spectrum still shows SP features reminiscent of the previous regime, which gradually disappear with increasing I g . However, upon further increasing of the gain current, the FWHM increases, until ML operation disappears at I g ¼ 150 mA. The large wavelength shifts described above appear to be intimately connected to the onset of ML. In order to better characterize the dynamical behavior, the optical spectra were plotted as a function of the gain current and for different values of the SA reverse voltage (see Fig. 7 ). First, it is seen that the threshold current monotonously increases with the SA reverse voltage from I th ¼ 30 mA at V SA ¼ 0 V to I th ¼ 43 mA at V SA ¼ 3:0 V, as shown in Fig. 8 . Second, the dominant wavelength at the lasing threshold presents a smooth red-shift from th ¼ 1555 nm at V SA ¼ 0 V toward th ¼ 1565 nm for V SA ¼ 2:8 V. This wavelength shift is compatible with the measured red-shift of the SA band-edge due to QCSE, indicating that in this regime, the operating wavelength at threshold occurs close to the SA band-edge. However, if the reverse voltage goes beyond V SA ¼ 2:8 V, the threshold wavelength suddenly blue-shifts to th ¼ 1540 nm. This new wavelength is close to that of the modal gain peak for an increased carrier density, as measured previously, the jump indicating that the device now operates close to the gain peak wavelength. For currents above the lasing threshold, the emission wavelength shows a general tendency to red-shift due mostly to Joule heating. Nevertheless, it can be seen in Figs. 7 and 8 that for some current and voltage ranges, there is a sudden and large (%20 nm) blue-shift of the dominant wavelength in the emission spectrum. These wavelength jumps are accompanied by a broadening of the optical spectrum that indicates the onset of some kind of dynamics. For instance, the large wavelength jump that occurs for V SA ¼ 2:4 V at current I % 60 mA corresponds to the onset of 
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Spectral Dynamical Behavior in Passively MLL strong SPs [see Fig. 4(c) ]. Further increase of the current induces the emission wavelength to jump back to the original red-shifted spectral region. We remark that this wavelength shift does not appear when the applied reverse voltage is V SA 9 3 V. In this case, the dominant wavelength at threshold is short ð th % 1540 nmÞ; and it always experiences a smooth red-shift as the current is increased, although a change in the rate of red-shift can be observed for some current ranges. Notably, these V SA values show the best-quality ML with a 2.5-ps FWHM IAC trace, absence of RF power at low frequencies, and a clear peak at 40 GHz (see Fig. 4 ).
Theoretical Model
The experimental results presented in Section 2 provide evidence that the reverse voltage applied to the SA section has a large impact on the spectral behavior of the device. Moreover, they also reveal that in an intermediate range of reverse bias voltages, large wavelength jumps occur in connection with the onset of different dynamical regimes.
These observations call for an explanation that can be satisfactorily given within the theoretical framework of the TWM developed in [18] . In comparison with [18] , we now use an improved timedomain response in the SA section that is valid at low carrier densities for all temperatures. We moreover include the thermal drift of the absorption spectrum in the SA section relative to the gain spectrum in the amplifier section in a phenomenological way, modeling its dynamics as a low-pass filter.
Finite-Temperature Response of the SA
Clearly, a proper description of the material response in the QW region is needed in order to have meaningful results from the TWM. In the device considered here, the active material is the same along the cavity, hence one should in principle use the same material model in both sections and simply take into account that they work in rather different bias conditions. Specifically, the gain section is forward biased and always operates with a high carrier density, while the SA section is reversed biased hence works always with a low carrier density resulting from the balance between absorption and carrier extraction. This requires using different approximations for the material response in each section.
For the gain section, the time-domain response presented in [17] allows a good fit of the spectral gain for different carrier densities. For the SA section, which operates at a considerably lower carrier density, it is essential to correctly model absorption bleaching at all wavelengths. Proceeding in the same way as in [17] , the response function of the system is given, in the quasi-equilibrium approximation, by
where ¼ 1=ðk B T Þ is the inverse of the thermal energy, E c;v ðk Þ are the energies of the states in the conduction and valence bands, respectively, and F N;H ðt Þ are the quasi-Fermi levels for electrons and holes, respectively. For an energy gap E g , h!ðk Þ ¼ E g þ E c ðk Þ þ E v ðk Þ is the energy of the optical transition at wave vector k , is the dephasing rate of the material polarization that gives the natural linewidth of each transition, d is the dipole-matrix element, W is the width of the QW, and K is the maximum allowed wave vector. For parabolic bands with effective masses m c;v , we have that
being the reduced mass of the electron-hole pair.
In general, the integrals in (2) cannot be analytically computed, but for the SA, one can exploit the fact that the carrier-density is always low; hence, the Fermi-Dirac distributions can be approximated by exponentials. In this limit, we find that
where
Usually, a c;v b ) 1; in this case, assuming charge neutrality in the well, we have that e F N;H ðt Þ ¼ e a c;v Dðt Þ À 1, where NðtÞ ¼ N t Dðt Þ and N t ¼ m=W h being the transparency carrier density at zero temperature. In addition, in the low density limit, e a c;v Dðt Þ À 1 % a c;v DðtÞ; hence, we finally have that Fig. 9 shows the gain in the amplifier section (left panel) and the absorption in the SA section (right panel) for different values of the carrier density in each section and the parameters given in Table 1 . We clearly see that the absorption in the SA section reduces over a very large spectral range as the carrier density increases, although in a non-uniform way: Bleaching is more pronounced the closer the wavelength lies to the SA band-edge, where most of the carriers accumulate. 
Thermal Drift
Another important ingredient of the model in order to match the experimental observations is the thermal drift of the bandgap in each section due to Joule heating. Clearly, the important parameter is the relative shift between the bandgap of the amplifier and of the SA. Since the heat flow from the amplifier section into the SA section is rather small, the temperature and thus the bandgap within each section is determined essentially by its own Joule heating as
where ! 0 g is the zero-current bandgap, R th is the bandgap shift per unit dissipated power, and th is the thermal relaxation rate. The dissipated power in the gain section is proportional to the bias current P dis $ VJ, while in the SA section, it is proportional to the generated photocurrent P dis $ V SA N. In addition, in the SA section ! 0 g is the zero-photocurrent bandgap fixed by the reverse voltage appliedVthereby including in a phenomenological way the QCSE. We assume that both sections have the same th .
It is worth noticing that upon changing the bias current, the bandgap of the gain sectionVpossibly after some relaxation transientVcan be predicted, i.e. it is a slaved variable. This is not the case for the SA bandgap since the generated photocurrent is a function of the absorption, which depends on the bandgap position.
Theoretical Results
The numerical integration of the model is performed with the algorithm presented in [16] , [18] , [21] . All simulations are performed by including a stochastic component that models spontaneous emission noise of zero mean and variance ¼ 10 À2 which for the sake of simplicity is assumed to be both frequency and carrier density independent. The noise was generated by the inverse cumulative distribution function method and a Mersenne twister [22] , and it is added to the polarizations after each time step at every point in space.
The numerical simulations are performed in the reference frequency frame where the bandgap of the gain section is zero. For the presentation of the wavelength-dependent results, the thermal drift is reintroduced. The amount of thermal drift is estimated from the experimental results in Figs. 7 and 8 to be %0.5 nm per unit of normalized current.
Threshold Behavior
The threshold current and wavelength of the laser can be semianalytically determined as the point where the non-lasing solution becomes linearly unstable. The off solution reads E AE ðzÞ ¼ P AE ðzÞ ¼ N AE2 ðzÞ ¼ 0, with N 0 ðzÞ ¼ 0 in the SA section and N 0 ðzÞ ¼ N in the gain section, with RðNÞ ¼ J.
Linearizing around this solution, we find that the threshold is given by the roundtrip condition
where G and SA denote the scaled optical susceptibility (see [17] and [18] for details) in the gain and SA sections, respectively, i are the waveguide losses per unit length, L is the cavity length, and s is the fractional length occupied by the SA. Equation (7) determines the (discrete) modal frequencies of the cavity ! m and their corresponding threshold carrier density N th ð! m Þ, the threshold current being J th ¼ min m RðN th ð! m ÞÞ. However, since the mode spacing is much smaller than the width of the gain spectrum, it is quite accurate to consider ! as a continuous variable and to find the carrier density and frequency for which the gain equals losses by considering only the real part of (7). Three different possible situations are encountered, depending on the wavelength of the bandgap of the SA relative to that of the gain section, as depicted in Fig. 10 . For a SA section, the bandgap of which is strongly blue-detuned with respect to that of the gain section [see Fig. 10(a) ], the threshold is achieved at the gain peak, since the SA is almost transparent to the laser light. As the SA band-edge wavelength shifts toward longer wavelengths, the threshold current increases, and the threshold wavelength moves to the red side of the gain peak, following the SA band-edge wavelength [ Fig. 10(b) ]. Further increasing the wavelength of the SA band-edge leads to a large jump in wavelength, as shown in Fig. 10(c) ; in this case, the laser operates again at the gain peak but with increased threshold due to the losses in the SA.
The threshold carrier density and wavelength as given by (7) for different SA bandgaps are plotted in Fig. 11 for different lengths of the SA section. The threshold carrier density displays a sigmoidal shape with the wavelength of the gap in the SA section that reflects the passage from a transparent to a fully absorbing SA, the increase in N th being larger for longer or more absorbing SA sections. At the same time, the emission wavelength remains almost constant for strong blue detuning of the SA section, but it starts to red-shift when the band-edge of the SA overlaps the gain peak. However, at some point, the threshold wavelength experiences an abrupt blue-shiftVwhich is larger the longer or more absorptive the SA sectionVthat corresponds to operation at the peak of the gain spectrum.
The former analysis allows us to explain the experimental dependence of the threshold current and wavelength as the reverse voltage in the SA section is varied (see Fig. 8 ). In our experiment, the band-edge of the gain section for a substrate temperature of 20 C is around ¼ 1565 nm when the current is close to threshold. Instead, the wavelength corresponding to the band-edge of the SA can be tuned by the applied reverse bias voltage through QCSE: As the reverse voltage is increased, the band-edge of the SA red-shifts and the system passes from a situation like the one depicted in Fig. 10(a) to the one of Fig. 10(c) , which explains both the sigmoidal shape of the threshold current as a function of voltage and the operating wavelength at threshold.
ML Dynamics
Another remarkable aspect of the experimental results presented in Section 2 is that quite different dynamical regimes are encountered as the current in the gain section is scanned, depending on the reverse bias voltage applied to the SA section. When the band-edge of the SA section is blue-detuned with respect to the gain peak
g ' À15 nm), which corresponds to a low reverse bias voltage that yields SA ¼ 20 ps, the threshold wavelength matches that of the gain peak of the amplifier section, and the threshold current is low ðJ th % 2Þ because of the small absorption of the SA in this spectral range [see Fig. 10(a) ]. The typical situation encountered as the current is increased is presented in Fig. 12 : the central wavelength of emission slightly red-shifts and the dynamics becomes strongly multimode, as evidenced by the increased width of the optical spectrum; however, although a peak in the RF spectrum can be seen, the intensity autocorrelation shows no trace of ML. This is in agreement with the physical intuition obtained from Haus's model [23] : In this spectral interval, the SA is essentially transparent; hence, the modulation of the losses is insufficient to lead to ML operation.
Conversely, when the band-edge of the SA section is red-detuned with respect to the gain peak (! 0 g ¼ À15 Â 10 12 s À1 , i.e., 0 g ' 15 nm), which corresponds to a strong reverse bias voltage that yields SA ¼ 4 ps, the threshold current is high ðJ th % 3:5Þ because of the large absorption of the SA in this spectral range [see Fig. 10(c) ]. In this case, however, the threshold wavelength again corresponds to that of the gain peak of the amplifier section, which is now farther away from the bandgap due to the need for a larger carrier density to overcome the high losses of the unsaturated SA section. As before, the central wavelength of emission red-shifts as the current is increased, because the bleaching of the SA absorption is higher closer to the SA bandgap. As the current is increased, peaks develop in the intensity autocorrelation trace, which exhibit a pedestal that becomes narrower as the current is increased. Finally, for high-enough current values, narrow and well-defined peaks in the intensity autocorrelation are obtained (see Fig. 13 ).
The most complicated case arises when the band-edge of the SA section is slightly red-detuned with respect to the gain peak (! 0 g ¼ 0 s
À1 ; see Fig. 14) , which corresponds to an intermediate reverse bias voltage that yields SA ¼ 5 ps. In this case, the threshold current is moderately high ðJ th % 3Þ because lasing occurs essentially at the band-edge wavelength, i.e. relatively far away from the gain peak. This current value exceeds the threshold loss, yet it is insufficient to compensate for the unsaturated SA losses at the gain peak wavelength [see Fig. 10(b) ]. The dominant wavelength in the optical spectrum is that corresponding to the SA band-edgeVwhich has a small degree of redshift due to the small photocurrent generatedVup to J ¼ 7, where it abruptly blue-shifts by %25 nm, which corresponds to lasing at the wavelength of the gain peak in the amplifier section. In correspondence to this wavelength jump, narrow peaks in the autocorrelation trace appear, although they exhibit some modulation that also manifests itself as strong sidebands in the RF spectrum. The self-modulation gradually disappears as the current is increased, and in the process, the dominant wavelength in the optical spectrum experiences a continuous red-shift. The TWM allows us to explain the wavelength jump, which is beyond the scope of models based on a traveling-pulse approach [7] - [9] , as the result from the combined effect of bleaching of the SA and its thermal drift due to the photocurrent generated. As mentioned before, the maximum gain in the amplifier section exceeds the threshold loss, yet it is insufficient to compensate for the unsaturated loss of the SA section due to the mismatch in wavelength. As current increases, the SA becomes progressively saturated until the maximum gain compensates the saturated absorption. At this point, the photocurrent generated suddenly increases, and the bandgap of the SA section experiences a much stronger red-shift that leads the system to operate at the gain peak only. Further increases in current bleach the SA even more, leading to an additional red-shift in emission wavelength. 
Conclusion
The ML dynamics of semiconductor AlGaInAs Fabry-Pé rot lasers in the 40 GHz has been explored both experimentally and theoretically. The ML laser diodes exhibit, depending on the bias current and reverse bias voltage, a region of stable ML surrounded by regions of incomplete ML and SP instabilities, and the typical pulsewidths encountered are in the picosecond range. For intermediate reverse voltage values, variations of the lasing wavelength up to 25 nm have been observed as the bias conditions are changed. Such wavelength variations are correlated with the different emission regimes observed in the devices. The TWM allows to satisfactorily reproduce and explain the experimental observations by including a low-density approximation to the optical response of the SA and the thermal drift of its band-edge relative to that in the amplifier section. Furthermore, our results indicate that the substantial temperature rise of the SA could ultimately be a limitation to the maximum power available from the devices under ML operation.
